While feedback loops are essential for robustness in signaling systems, they make 9 discerning the role of individual components challenging. Here we introduce temperature as a 10 powerful perturbation method for uncoupling enzymatic processes, by exposing the differential 11 sensitivity of limiting reactions to temperature due to their activation energies. Using this method, 12 we study the sensitivity to temperature of different cell cycle events of early fly embryos. While the 13 subdivision of cell cycle steps is conserved across a wide range of temperatures (5-35 • C), the 14 transition into prometaphase exhibits the most sensitivity, arguing that it has a different 15 mechanism of regulation. Using a biosensor, we quantify the activity of Cdk1 and show that the 16 activation of Cdk1 drives entry into prometaphase but is not required for earlier events. In fact, 17 chromosome condensation can still occur when Cdk1 is inhibited pharmacologically. These results 18 demonstrate that different kinases are rate-limiting for different steps of mitosis.
Introduction

21
Understanding how sequences of cellular transitions are regulated remains a fundamental, yet 22 poorly understood, biological question. During cell cycle progression, for example, it remains 23 unclear whether the various morphological transitions between interphase and mitosis reflect 24 the accumulation pattern of a single rate limiting regulator, or whether each step is associated 25 with its own distinct regulatory components. The complex feedbacks that characterize genetic 26 networks (Morgan, 2007; Lindqvist et al., 2009; Heim et al., 2016) make it difficult to define roles 27 of single components using null mutations and has led to conflicting conclusions on the relative 28 importance of the various kinases involved. Here, we use subtle perturbations in temperature as an 29 alternative to distinguish the mechanisms regulating different transitions. Our approach is centered 30 on the idea that the behavior of different enzymes at varying temperatures is characterized by 31 different scaling relationships. Thus, measuring the dependence of the timing of cellular events on 32 temperature could reveal their underlying regulatory dynamics. 33 34 We used temperature to study the regulation of cell cycle in early D. melanogaster embryos. The cell 35 cycle proceeds through a strict sequence of events -DNA replication and centrosome doubling are 36 followed by chromatin condensation, movement of the chromosomes to a single metaphase plate 37 and their eventual separation at mitosis that can be easily scored in living embryos. The timely 38 order with which these events occur is pivotal for the successful transfer of genetic material to 39 daughter cells and several regulatory mechanisms have been linked to an autonomous oscillator 40 centered on the activity of Cdk1 (Pomerening et al., 2003; Morgan, 2007; Ferree and Di Talia, 2018) . 41 Whether individual mitotic events are triggered at specific levels of activity of Cdk1 or whether 42 other mitotic kinases, like Polo and Aurora B, coupled to Cdk1 play more direct roles in regulating 43 mitotic processes remains to be elucidated. We reasoned that precise measurements of the 44 temperature dependency of mitotic processes might reveal novel insights. For a given enzyme, in 45 first approximation, temperature ( ) affects its rate ( ) by Arrhenius equation (Arrhenius, 1915) :
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and are the pre-exponential factor, activation energy, and Boltzmann constant, 47 respectively. Thus, if Cdk1 was rate-limiting for all mitotic processes, we would expect that these 48 processes will show a similar dependency on temperature. In contrast, if different mitotic kinases 49 contributed to the regulation of the timing of mitotic processes, it is likely that we would observe 50 different Arrhenius dependencies. We propose to exploit this differential sensitivity to uncouple 51 cell cycle processes and evaluate the contributions of Cdk1 in regulation of the minimal cell cycles 52 of early Drosophila embryos. 53 The first 13 divisions in Drosophila embryos occur synchronously through rapid rounds of DNA 54 synthesis (S-phase) and nuclear mitosis (Rabinowitz, 1941; Farrell et al., 2012) . For the purpose of 55 this study, we mostly focus on nuclear cycle 11 (NC11) due to the ease of imaging. To examine the 56 effect of temperature on cell cycle steps, we used a microfluidic device to control the temperature In addition to the qualitative similarities, we examined whether the changes in the length of NC 84 steps follows the Arrhenius equation between 22-5 • C. We calculated the rate at which each NC step 85 progresses as the reciprocal of its duration, and plotted the log of the measured rates as a function 86 of temperature ( 1 ). As depicted in Figure 2A higher than the regulators of other cell cycle steps. The prolonged prophase at low temperatures 99 is biologically significant, resulting in hypercondensed chromosomes that decorate the nuclear 100 envelope, while awaiting the delayed chromosome congression (Figure 1B, Video 1 ) and a delayed 101 nuclear envelope breakdown, as visualized by redistribution of the nuclear protein, RFP-Fibrillarin 102 (Figure 1B, Figure 1-Figure Supplement 2A) . 103 These results are suggestive of two main points: 1. Entry into prometaphase is regulated by an 104 enzyme that is the most sensitive to temperature, with the highest , compared to other cell cycle 105 regulators; and 2. Earlier NC events are not regulated by this most temperature sensitive enzyme. 106 To characterize the enzyme driving the entry into prometaphase, we employed a Förster resonance (Figure 3C) and 128 given previous reports that the inhibitory Tyr15 phosphorylation associated with checkpoint activa-129 tion is not detectable in NC11 embryos at normal temperatures (Edgar et al., 1994) . We confirm 130 that the phosphorylation remains undetectable at 7 • C (Figure 3D) . Instead the delayed rise in Ckd1 131 activity at 7 • C appears to be related to a delayed increase in CycB levels. At 22 • C, mean nuclear 132 intensity of CycB measured using a GFP-CycB reporter increases monotonically from interphase, 133 and sharply drops afterwards (Figure 3B) . At 7 • C, the monotonic increase in the nuclear intensity of 134 CycB is only detectable in prometaphase. At both temperatures, the kinetics of CycB accumulation 135 parallels the rise in Cdk1 activity (Figure 3-Figure Supplement 2) and Polo (Adams et al., 2001; Giet and Glover, 2001; McCleland and O'Farrell, 2008 Fabrication and utilization of the microfluidic device. 155 The microfluidic device used here was fabricated as described previously (Lucchetta et al., 2005; 156 Falahati and Wieschaus, 2017). Figure 1-Figure Supplement 1 shows the schematic of the device. (Falahati and Wieschaus, 2017) . Maximum projected 201 images were used and the homogeneity in the pixel intensities were measure by a customized 202 GLCM method. To reduce the noise, the neighboring 5x5 pixels were averaged. The homogeneity 203 was measured using MATLAB's built-in function with the following equation:
where and are the centers of intensity bins, and ( , ) is the probability of two particular 205 intensities being neighbors. 206 For FRET measurements, the fluorescent intensity of CFP and YFP were measured by averaging 207 over the part of the embryo that is in the field of view at different conditions and different time-208 points, and the ratio of YFP/CFP is calculated.
209
Fixation and immunostaining at different temperatures. 210 The newly laid embryos were collected at 22 • C for 90min and then incubated either at 22 • C or at a 211 cooling device set at 7 • C for 30min. For embryos incubated at 7 • C, the fixation process was carried 212 out at 4 • C, using pre-cooled fixative. The primary antibody used is rabbit Cdc2 phosphor-Tyr15 213 (IMG-668, IMGENEX).
214
Injection of inhibitors. 215 All the embryos were collected without using the halocarbon oil (this is to make sure that embryos 216 are not protected from desiccation because of the oil), dechorionated in 50% bleach for 1 minute, 217 desiccated in a chamber filled with Drierite (desiccant) for 8 minutes, and the drug was injected into 218 the middle of the embryo using the Eppendorf Femtojet microinjector. plotted against the rate of nuclear accumulation of CycB. A linear relationship is expected if CycB accumulation is rate-limiting for the activity of Cdk1, and is observed at both temperatures. If the rate-limiting step for Cdk1 activity were after the nuclear accumulation of CycB, the expected outcome would have been for nuclear levels of CycB to reach equilibrium while Cdk1 activity would continue to increase. Therefore, our data supports a model in which CycB accumulation is rate limiting for Cdk1 activity. Data from embryos displayed in Figure 3A-B , and only includes the data-points were the reverse reactions (Cdk1 inactivation and CycB degradation) are negligible. Left: 22 • C from 4-6.5 min, right: 7 • C from 18-55 min.
